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INTRODUCTION 


The  study  of  chemical  reactions  in  flow  systems  (aerothermochemistry)  was  first  described 
by  von  Karman  in  1951  (ref  1).  The  modification  of  the  heat  transfer  coefficient  (blocking)  for 
the  mass  addition  of  chemically  reacting  wall  material  into  the  boundary  layer  was  first  described 
by  Reshotko  and  Cohen  in  1955  (refs  2,3).  The  themiochemical  erosion  of  reentry  vehicle  heat 
shield  material  for  various  chemically  reacting  systems  was  first  studied  by  Denison  and  Dooley  in 
1957  (ref  4).  This  thermochemical  erosion  theory  was  unified/summarized  by  Lees  of  CalTech 
and  The  Ramo- Wooldridge  Corporation  in  1958  (ref  5).  The  near  exclusive  use  of  Lees’  now 
JANNAF  standardized  model  (refs  6-8)  has  stood  the  test  of  time  and  demonstrates  that  the  major 
assumptions  are  still  reasonable  and  valid. 

Gun  barrel  technology  has  focused  on  reducing  mechanical/metallurgical  gun  barrel 
failures  with  great  success,  while  gun  barrel  gas-wall  thermochemical/thermal  ablation  coupled 
with  aerodynamic  flow  erosion  has  intensified  due  to  performance  requirements  demanding  the 
use  of  high-flame  temperature  propellants.  Practical  gun  barrel  design  should  address 
thermochemical  and  thermal  ablation,  although  the  latter  constitutes  a  poor  design  since  the 
proximity  of  the  wall  solidus  temperature  should  be  avoided. 

In  1992,  after  an  exhaustive  search,  the  U.S.  Army  Benet  Laboratories  (Benet)  teamed 
with  Software  and  Engineering  Associates  (SEA)  to  successfully  modify  the  JANNAF  standard 
rocket  erosion  codes  (TDK/MACE)  (refs  6-9)  into  the  first  comprehensive  gun  barrel 
thermochemical  erosion  modeling  code  that  addresses  wall  degradations  due  to  thermal 
(transfon-nations),  thermochemical  (reactions),  and  thermomechanical  (cracking)  effects  coupled 
with  pure  mechanical  erosion  (high-speed  flow,  wear).  SEA  is  the  sole  maintainer  and  developer 
of  these  rocket  erosion  codes.  The  compressible  chemical  equilibrium  and  transport  (CCET) 
thermochemistry  code  is  similar  but  much  more  robust  than  the  nonideal  gas  thermochemical 
equilibrium  (BLAKE)  code  (ref  10).  The  gun  erosion  analysis  uses  the  standard  interior  ballistics 
gun  code  (XNOVAKTC)  (ref  1 1)  core  flow  data  as  input.  In  1993,  a  joint  SEA/Benet  gun 
erosion  workshop  was  held  to  introduce  this  code  to  the  gun  community  (ref  9).  Many  ADPA 
Tri-Service  sponsored  gun  erosion  meetings  have  implied  a  thermochemical  erosion  mechanism 
for  various  gun  systems  including  the  M242/M919  gun  system  (refs  12,13).  U.S.  Army 
experimental  data  support  the  existence  of  gun  barrel  oxidation  (ref  14).  In  July  1995,  Benet  and 
SEA  jointly  published  (AIAA)  the  first  known  comprehensive  gun  barrel  thermochemical  erosion 
modeling  code  (ref  15). 

THEORY  AND  PROCEDURE 

This  report  models  the  original  M242/M9 19  gun  system.  The  original  gun  system  consists 
of  100  percent  HES9053  propellant,  a  Condition  Code  D,  3550  K  flame  temperature,  and  an 
unplated  barrel  life  of  about  400  to  500  rounds.  This  original  system  is  not  to  be  confused  with 
the  type  classified  M242/M919  gun  system,  which  is  the  modified  reduced-wear  M919  with  45 
percent  HES9053/55  percent  HC33  propellants,  an  ablative,  and  3350°K  flame  temperature; 
M79rs  HC-33  propellant  has  a  3200°K  flame  temperature  (ref  12). 
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This  original  M242/M919  gun  system  (ref  12)  erosion  analysis  includes  the  following 

codes: 

•  Standard  interior  ballistics  gun  code  (XNOVAKTC  for  core  flow)  (ref  11) 

•  Standard  nonideal  gas-wall  thermochemical  rocket  code  modified  for  guns  (CCET 
for  gas-wall  transport/chemistry)  (refs  6,8,9) 

•  Standard  heat  transfer  modified  by  mass  addition  to  boundary  layer  rocket  code 
modified  for  guns  (MABL  for  transport  and  cold/adiabatic  wall  properties) 

(refs  6,9) 

•  Standard  wall  material  ablation  conduction  erosion  rocket  code  modified  for  guns 
(MACE)  (refs  7,9) 

The  XNOVAKTC  code  and  its  core  flow  output  are  well  known  to  the  gun  community;  see 
Reference  1 1  for  further  information. 

The  CCET  code  (refs  6,8,9)  outputs  gun  system  ineiVreacting  gas-wall  enthalpy  (//^), 
condensed  phase  products  mass  fraction  (C<.p,  and  ablation  potential  (£J  data  as  a  function  of 
pressure  and  temperature.  Combustion  product  omissions  and  gas-wall  reactivity  are  based  on  in- 
house  experimental  testing,  proprietary  communications,  and  a  U.S.  Army  report  (refs  9,14).  The 
CCET  code  assumes  that  as  the  gas  diffuses  to  the  wall,  it  reacts  to  form  products  as  follows: 


^a=(C„-C,,)/C,  (1) 

where  is  the  mass  fraction  of  wall  material  and  Cg  is  the  mass  fraction  of  the  gas  edge  (ref  9). 

The  MABL  code  (refs  6,9)  outputs  adiabatic  wall  recovery  enthalpy  (//,)  and  adiabatic 
wall  temperature  (7^)  data  as  a  function  of  time  and  travel.  The  recovery  enthalpy  is  the 
potential  chemistry  driver  where  the  heat  transfer  approaches  zero  and  the  adiabatic  wall 
temperature  is  the  potential  temperature  without  reactions.  The  MABL  code  also  outputs  cold 
wall  heat  transfer  rate  (Q^)  data  as  a  function  of  time  and  travel.  This  heat  transfer  rate  is  the 
wall  heat  flux  evaluated  at  the  cold  wall  temperature.  The  MABL  code  heat  and  mass  transfer 
model  includes  the  following  three  equations.  The  first  equation  is  for  mass  addition  to  the 
boundary  layer,  the  second  equation  is  for  heat-to-mass  transfer  ratio,  and  the  third  equation  is  for 
the  overall  correlation  between  the  first  and  second  equations: 


r,U,CK  =  QJ(H,.HgJ 

(2) 

r,  U,  Cht  =  Mdotg/B^;  Le  =  l 

(3) 

ChJCK  =f(B,,  MJ  =  I-  (h  Mdotg/r,  \J,  ChJ 

(4) 
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where  r,  is  edge  density,  U,  is  edge  velocity,  Ch^  is  Stanton  number  without  blowing,  is  cold 
wall  heat  transfer,  recovery  enthalpy,  is  gas-wall  enthalpy,  Ch^  is  Stanton  number  with 
blowing,  Mdotg  is  gas  mass  transfer,  Le  is  the  Lewis  number,  is  ablation  potential,  M^is 
molecular  weight,  and  h  is  f{G-BL  molecular  diffusion)  (ref  9). 

The  MACE  code  (refs  7,9)  calculates  the  actual  transient  thermochemical  response  and 
generates  wall  material  erosion  predictions  and  comparisons  (ablation,  conduction,  and  erosion 
profiles)  as  a  function  of  time,  travel  (customer-selected  6-inch,  12-inch,  30-inch),  and  number  of 
rounds  to  barrel  condemnation.  The  A723, 0.002-inch  plated  chromium/A723,  and  0.002-inch 
sputtered  tantalum/A723  wall  materials  are  evaluated  for  maximum  wall  temperanire  and  erosion 
using  the  M242  Cycle  A  firing  scenario.  The  MACE  code  can  do  any  propellant-gun  barrel 
combination  on  a  high  end  PC;  each  mechanism's  importance  is  identified  and  incremental 
upgrades  are  feasible. 

The  original  M242/M919  MACE  maximum  wall  temperature  gun  system  predictions  are 
compared  to  those  of  the  U.S.  Army’s  standard  gun  barrel  finite  difference  heat  transfer  code 
(FDHEAT)  (ref  16)  that  calculates  the  transient  temperature  distribution  in  a  multilayered  cylinder 
and  models  radial/axial  heat  flow  separately.  The  A723, 0.002-inch  plated  chromium/A723,  and 
0.002 -inch  sputtered  tantalum/A723  wall  materials  are  evaluated  by  FDHEAT  for  maximum  wall 
temperature  also  using  the  M242  Cycle  A  firing  scenario.  The  original  M242/M919  gun  system 
predictions  are  also  compared  to  actual  M919  A723  experimentally-measured  gun  system  erosion 
data  from  an  ARDEC  Special  Report  for  the  Commander  on  the  subject  (ref  17). 

RESULTS  AND  DISCUSSION 

Figure  1  gives  the  calculated  M919  XKTC  gas  pressures  (P)  as  a  function  of  time  for  the 
customer-selected  axial  positions.  Figure  2  gives  the  calculated  M919  XKTC  gas  temperatures 
(T)  as  a  function  of  time  for  these  same  positions.  Figure  3  gives  the  calculated  M919  XKTC  gas 
velocities  (1^  as  a  function  of  time  again  for  these  same  positions. 

Figure  4  gives  the  calculated  M919  MABL  recovery  enthalpies  (H^)  as  a  function  of  time 
for  the  same  customer-selected  axial  positions  above.  Figure  5  gives  the  calculated  M919  MABL 
cold  wall  heats  (Q^)  as  a  function  of  time  for  these  same  positions.  The  data  in  Figures  4  and  5 
are  two  of  three  parts  of  the  driving  potential  (QIdH),  which  is  essentially  mass  affected  per  the 
quantity  area  times  time. 

Figure  6  gives  the  calculated  M919  CCET  reacting  wall  enthalpies  (//J  for  tantalum, 
chromium,  and  A723  as  a  function  of  temperature.  The  figure  includes  the  third  of  three  parts  of 
the  driving  potential  {QIdH),  which  again  is  essentially  mass  affected  per  the  quantity  area  times 
time.  Figure  7  gives  the  calculated  M919  CCET  ablation  and  melting  potential  (BJ  for  tantalum, 
chromium,  and  A723  as  a  function  of  temperature.  Figures  6  and  7  show  that  tantalum  metal 
oxidizes  at  3100°  R  (2610°  F),  its  oxide  melts  at  3860°  R  (3370°  F),  and  it  melts  at  5880°  R 
(5390°  F).  Figures  6  and  7  show  that  chromium  metal  oxidizes  at  3600°  R  (31 10°  F),  it  has  a 
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solid-solid  transformation  at  3790“  R  (3300°  F),  it  melts  at  3830°  R  (3340°  F),  and  its  oxide 
melts  at  4570°  R  (4080°  F).  Figures  6  and  7  show  that  A723  steel  has  a  solid-solid 
transformation  at  1800°  R  (1310°  F),  it  oxidizes  at  1900°  R  (1410°  F),  its  oxide  melts  at  2960° 

R  (2460°  F),  and  it  melts  at  3250°  R  (2760°  F).  These  two  figures  show  that  both  tantalum  and 
A723  walls  oxidize  substantially  below  their  melting  points,  while  the  chromium  wall  oxidizes  just 
below  its  melting  point,  but  they  also  show  that  only  the  A723  wall  oxidation  is  important  since 
the  intensity  of  the  oxidation  renders  the  tantalum  and  chromium  walls  essentially  inert  to 
oxidation.  Similarly,  these  two  figures  show  that  both  tantalum  and  A723  wall  oxides  melt  well 
below  their  metals,  while  the  chromium  wall  oxide  melts  well  above  chromium  metal,  but  they 
also  show  that  only  the  A723  wall  oxide  melting  is  important  since  the  intensity  of  the 
oxidation/oxide  melting  renders  the  tantalum  and  chromium  walls  essentially  inert  to 
oxidation/oxide  melting. 

Figure  8  shows  the  calculated  M919  MACE  exposed  area  of  subsurface  A723  steel,  where 
recurring  bore  protection  material  plate  areas  of  0.0035-in.^  and  0.(X)75-in.^  are  compared  for  a 
constant  recurring  0.0080-in.^  total  area  and  a  0.(X)05-inch  crack  width.  For  the  0.(X)35-in.^ 
plates,  which  are  typical  for  M919  chromium/A723  bore  protection  by  metallography  and 
modeling  (refs  18,19),  cracks  consume  23  percent  of  the  total  area  and  plates  consume  77  percent 
of  the  total  area.  Also,  for  the  0.0035-in. ^  plates,  half  the  subsurface  A723  under  a  given  plate 
(0.0025-in. is  consumed  in  lx  rounds,  and  at  this  point  metallography  and  modeling  tell  us  the 
plate  spalls  (refs  18,19).  For  the  0. 0075-in.^  plates,  which  are  typical  for  M919  tantalum/A723 
bore  protection  by  metallography  and  modeling  (refs  18,19),  cracks  consume  12  percent  of  the 
total  area  and  plates  consume  88  percent  of  the  total  area.  Also,  for  the  0.0075-in.^  plates,  half 
the  subsurface  A723  under  a  given  plate  (0.0055-in.^)  is  consumed  in  2x  rounds,  and  at  this  point 
metallography  and  modeling  tell  us  the  plate  spalls  (refs  18,19).  Although  both  have  0.0005-inch 
crack  width  with  0.0035-in.^  plates  typical  for  chromium/A723  and  0.0075-in.^  plates  typical  for 
tantalum/A723,  each  represents  a  sensitivity  analysis  for  the  other  with  respect  to  plate  width  for  a 
recurring  total  area. 

Figure  9  shows  the  calculated  M919  MACE  second  variation  of  exposed  area  of 
subsurface  A723  steel,  where  recurring  bore  protection  material  plate  areas  of  0.00375-in.^  and 
0.00775-in.^  are  compared  for  a  constant  recurring  0.0080-in.^  total  area  and  a  0.00025-inch  crack 
width.  For  the  0.00375"^  plates,  which  are  atypical  for  M919  bore  protection  by  metallography 
and  modeling  (refs  18,19),  cracks  consume  12  percent  of  the  total  area  and  plates  consume  88 
percent  of  the  total  area.  Also,  for  the  0.00375-in.^  plates,  half  the  subsurface  A723  under  a  given 
plate  (0.0027-in. ^)  is  consumed  in  2x  rounds,  and  at  this  point  metallography  and  modeling  tell  us 
the  plate  spalls  (refs  18,19).  For  the  0.00775-in.^  plates,  which  are  atypical  for  M919  bore 
protection  by  metallography  and  modeling  (refs  18,19),  cracks  consume  6  percent  of  the  total 
area  and  plates  consume  94  percent  of  the  total  area.  Also,  for  the  0.00775-in.^  plates,  half  the 
subsurface  A723  under  a  given  plate  (0.0056-in.^)  is  consumed  in  4x  rounds,  and  at  this  point 
metallography  and  modeling  tell  us  the  plate  spalls  (refs  18,19).  Although  both  have  0.0(X)25- 
inch  crack  width  with  0.00375-in.^  plates  atypical  and  0.00775-in.^  plates  atypical,  each  represents 
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a  sensitivity  analysis  for  the  other  with  respect  to  plate  width  for  a  recurring  total  area.  In 
addition,  0.0005-inch  crack  width  from  Figure  8  and  0.00025-inch  crack  width  from  Figure  9, 
with  variation  in  plate  area  within  the  same  recurring  total  area,  represent  a  sensitivity  analysis 
with  respect  to  crack  width  for  the  recurring  total  area. 

Figure  10  shows  the  calculated  M919  MACE  axial/circumferential  depth  profile  of 
subsurface  A723  steel,  where  typical  recurring  bore  protection  material  plate  areas  of  0.0035-in.^ 
for  chromium/A723  and  0.0075-in.^for  tantalum/A723  are  compared  for  a  constant  recurring 
0.0080-in.^  total  area  and  a  typical  0.0005-inch  crack  width.  Viewing  the  upper  part  of  this  figure 
in  the  two  dimensions  shown  for  the  typical  M919  0.002-inch  chromium  plate  depth  and 
0.0035-in.^  chromium  plates,  shows  it  takes  lx  rounds  for  a  pair  of  0.001 -inch  deep  by  0.W18- 
inch  wide  average  A723  voids  to  occur  below  both  crack  chromium/A723  interfaces  of  this 
0.0035-in.^  chromium  plate.  This  causes  the  plate  to  spall  since  half  the  area  under  the  plate  is 
consumed  as  discussed  earlier.  Viewing  the  lower  part  of  this  figure  in  the  two  dimensions  shown 
for  the  typical  M919  0.002-inch  tantalum  plate  depth  and  0.0075-in.^  tantalum  plates,  shows  it 
takes  2x  rounds  for  a  pair  of  0.001-inch  deep  by  0.0035-inch  wide  average  A723  voids  to  occur 
below  both  crack  tantalum/A723  interfaces  of  this  0.0075-in.^  tantalum  plate.  This  plate  also 
spalls  since  half  the  area  under  the  plate  is  consumed  as  discussed  earlier.  Variation  of  exposed 
area  of  subsurface  A723  varies  its  Qi^,  T,„,  and  driving  potential  {QIdH). 

Figure  1 1  gives  the  calculated  M919  MACE  6-inch  axial  position  from  RFT  maximum 
wall  temperatures  as  a  function  of  rounds  for  the  M919  Cycle  A  150-round  firing  scenario.  The 
MACE  code-generated  tantalum/A723  wall  curve  achieved  the  highest  temperatures,  and  the 
FDHEAT  code  (ref  16)-generated  tantalum/A723  wall  curve  shows  good  agreement.  The  MACE 
code- generated  chromium/A723  wall  curve  achieved  the  second  highest  temperatures,  and  the 
FDHEAT  code  (ref  16)-  generated  tantalum/A723  wall  curve  again  shows  good  agreement.  The 
MACE  code-generated  A723  wall  curve  achieved  the  third  highest  temperatures;  the  MACE 
code-generated  chromium/A723  interface  wall  curve  achieved  the  fourth  highest  temperatures; 
and  the  MACE  code-generated  tantalum/A723  interface  wall  curve  achieved  the  lowest 
temperatures.  The  highly  verified  FDHEAT  code  is  considered  the  U.S.  Army  standard  code  for 
wall  temperature  predictions  (ref  16).  No  FDHEAT  code  data  were  available  to  compare  these 
last  three  wall  types.  This  figure  distinctly  shows  that  all  the  A723,  chromium/A723  interface, 
and  tantalum/A723  interface  wall  curves  significantly  exceed  both  the  1310°  F  A723  solid-solid 
transformation  and  the  1410°  F  A723  oxidation  temperatures.  The  figure  further  shows  that  all 
other  metal  solid-solid  transformation  temperatures,  all  other  metal  oxidation  temperatures,  all 
metal  oxide  melting,  and  all  metal  melting  are  significantly  above  the  temperatures  given  for  the 
plotted  curves  in  the  2460°  to  5390°  F  range.  Clearly,  at  6  inches,  tantalum  and  chromium  are 
thermochemically  inert  for  this  analysis,  but  their  A723  interfaces  and  A723  itself  are  substantially 
thermochemically  reactive. 

Figure  12  gives  the  calculated  M919  MACE  12-inch  axial  position  from  RFT  maximum 
wall  temperatures  as  a  function  of  rounds  for  the  M919  Cycle  A  150-round  firing  scenario.  The 
MACE  code-generated  tantalum/A723  wall  curve  again  achieved  the  highest  temperatures,  and 
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the  FDHEAT  code  (ref  1 6)-generated  tantalum/A723  wall  curve  shows  good  agreement.  The 
MACE  code-generated  chromium/A723  wall  curve  again  achieved  the  second  highest 
temperatures,  with  the  FDHEAT  code  (ref  16)-generated  chromium/A723  wall  curve  showing 
good  agreement.  The  MACE-code  generated  A723  wall  curve  again  achieved  the  third  highest 
temperatures;  the  MACE-code  generated  chromium/A723  interface  wall  curve  achieved  the 
fourth  highest  temperatures;  and  the  MACE-code  generated  tantalunVA723  interface  wall  curve 
achieved  the  lowest  temperatures.  Additionally,  no  FDHEAT  code  data  were  available  to 
compare  these  last  three  wall  types.  This  figure  clearly  shows  that  all  the  A723,  chromium/A723 
interface,  and  tantalurn/A723  interface  wall  curves  exceed  both  the  1310"  F  A723  solid-solid 
transformation  and  the  1410"  F  A723  oxidation  temperatures.  The  figure  further  shows  that  all 
other  metal  solid-solid  transformation  temperatures,  all  other  metal  oxidation  temperatures,  all 
metal  oxide  melting,  and  all  metal  melting  are  significantly  above  the  temperatures  given  for  the 
plotted  curves  in  the  2460°  to  5390°  F  range.  Clearly,  at  12  inches,  tantrum  and  chromium  are 
thermochemically  inert  for  this  analysis,  but  their  A723  interfaces  and  A723  itself  are  substantially 
thermochemically  reactive. 

Figure  13  gives  the  calculated  M919  MACE  30-inch  axial  position  from  RFT  maximum 
wall  temperatures  as  a  function  of  rounds  for  the  M919  Cycle  A  150-round  firing  scenario.  The 
MACE  code-generated  tantalum/A723  wall  curve  again  achieved  the  highest  temperatures;  the 
MACE  code-generated  chromium/A723  wall  curve  achieved  the  second  highest  temperatures;  the 
MACE  code-generated  A723  wall  curve  achieved  the  third  highest  temperatures;  the  MACE 
code-generated  chromium/A723  interface  wall  curve  achieved  the  fourth  highest  temperatures; 
and  the  MACE  code-generated  tantalum/A723  interface  wall  curve  achieved  the  lowest 
temperatures.  No  FDHEAT  code  data  were  available  to  compare  these  five  wall  types.  This 
figure  clearly  shows  that  the  all  of  the  A723  wall  curve,  half  of  the  chromium/A723  interface  wall 
curve,  and  half  of  the  tantalum/A723  interface  wall  curve  exceed  the  1310°  F  A723  solid-solid 
transformation  temperature.  Also,  this  figure  shows  that  most  of  the  A723  wall  curve,  none  of 
the  chromium/A723  interface  wall  curve,  and  none  of  the  tantalum/A723  interface  wall  curve 
exceed  the  1410°  F  A723  oxidation  temperature.  The  figure  further  shows  that  all  other  metal 
solid-solid  transformation  temperatures,  all  other  metal  oxidation  temperatures,  all  metal  oxide 
melting,  and  all  metal  melting  are  significantly  above  the  temperatures  given  for  the  plotted  curves 
in  the  2460°  to  5390°  F  range.  Clearly,  at  30  inches,  tantalum,  chromium,  and  their  A723 
interfaces  are  thermochemically  inert  for  this  analysis.  Although  A723  itself  is  thermochemically 
reactive,  there  is  no  mechanism  to  consume/spall  the  tantalum  or  chromium  for  this  reactivity  to 
occur. 


Figure  14  gives  the  calculated  M919  MACE  6-inch  cumulative  erosion-to-condemnation 
as  a  function  of  rounds.  The  eight  curves  will  be  discussed  in  order  of  increasing  rounds-to- 
condemnation.  The  first  curve,  labeled  “A723,  Ref  ”  is  actually  M919  A723  experimentally- 
measured  gun  system  erosion  data  from  an  ARDEC  Special  Report  for  the  Commander  (ref  17). 
The  sy.stem,  removed  from  service  at  205  rounds,  reaches  condemnation  at  370  rounds  by 
extrapolation,  and  agrees  rather  well  with  the  MACE-generated  A723  curve  shown.  The  second 
curve  is  the  MACE-generated  A723  curve  that  shows  condemnation  at  444  rounds.  The  third 
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curve  is  the  MACE-generated  typical  chroniium/A723  interface  curve  for  a  0.0035-in.^  chromium 
plate/0.0005-inch  crack  width  that  shows  interface  failure/chromium  spalling  at  370  rounds  and 
condemnation  at  814  rounds.  The  fourth  curve  is  the  MACE-generated  atypical  chromium/A723 
interface  curve  for  a  0.0070-in.^  chromium  plate/0.0005-inch  crack  width,  showing  interface 
failure/chromium  spalling  at  740  rounds  and  condemnation  at  1 184  rounds.  This  curve  is 
provided  for  sensitivity  analysis  purposes.  The  fifth  curve  is  the  MACE-generated  typical 
tantalum/A723  interface  curve  for  a  0.0070-in.2  tantalum  plate/0.0005-inch  crack  width,  showing 
interface  failure/tantalum  spalling  at  909  rounds  and  condemnation  at  1353  rounds.  The  sixth 
curve  is  the  MACE-generated  atypical  tantalum/A723  interface  curve  for  a  0.0140-in.^  tantalum 
plate/0.0005-inch  crack  width  that  shows  interface  failure/tantalum  spalling  at  1818  rounds  and 
condemnation  at  2262  rounds.  This  curve  is  also  provided  for  sensitivity  analysis  purposes.  The 
seventh  and  eighth  curves  are  the  MACE-generated  typical  chromium/A723  and  tantalum/A723 
curves  that  superimpose  and  have  virtually  no  cumulative  erosion  for  the  purposes  of  this  analysis. 

Figure  15  gives  the  calculated  M919  MACE  12-inch  cumulative  erosion-to-condemnation 
as  a  function  of  rounds.  The  five  curves  will  be  discussed  in  order  of  increasing  rounds-to- 
condemnation.  The  first  curve  is  the  MACE-generated  A723  curve  that  shows  condemnation  at 
1000  rounds.  The  second  curve  is  the  MACE-generated  typical  chromium/A723  interface  curve 
for  a  0.0035-in.2  chromium  plate/0.0005-inch  crack  width  that  shows  interface  failure/chromium 
spalling  at  1515  rounds  and  condemnation  at  2515  rounds.  The  third  curve  is  the  MACE- 
generated  typical  tantalum/A723  interface  curve  for  a  0.0070-in.2  plate/0.0005-inch 

crack  width,  showing  interface  failure/tantalum  spalling  at  5882  rounds  and  condemnation  at  6882 
rounds.  The  fourth  and  fifth  curves  are  the  MACE-generated  typical  chromium/A723  and 
tantalum/A723  curves  that  superimpose  and  have  virtually  no  cumulative  erosion  for  the  purposes 
of  this  analysis. 

Figure  16  gives  the  calculated  M919  MACE  30-inch  cumulative  erosion-to-condemnation 
as  a  function  of  rounds.  The  five  curves  will  be  discussed  in  order  of  increasing  rounds-to- 
condemnation.  The  first  curve  is  the  MACE-generated  A723  curve  that  shows  condeiraation  at 
5263  rounds.  The  second  through  fifth  curves  are  the  MACE-generated  typical  chromium/A723 
interface  curve  for  a  0.0035-in.^  chromium  plate/0.0005-inch  crack  width,  typical  tantalum/A723 
interface  curve  for  a  0.0070-in.^  tantalum  plate/0.0005-inch  crack  width,  typical  chromium/A723, 
and  typical  tantalum/A723  curves  that  superimpose  and  have  virtually  no  cumulative  erosion  for 
the  purposes  of  this  analysis. 
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Figure  8  -  M919  MACE  Exposed  Area  Of  Subsurface  A723 
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Figure  9  -  M919  MACE  Second  Variation  Of  Exposed  Area  Of  Subsurface  A723 
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Figure  10  -  M919  MACE  Axial/Circum.  Depth  Profile  Of  Subsurface  A723 
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Figure  12  -  M919  MACE  12"  RFT  Maximum  Wall  Temperatures 
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Figure  14  -  M919  MACE  6"  Cumulative  Erosion  To  Condemnation 
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PURDUE  UNIVERSITY 

2595  YEAGER  ROAD  1 

WEST  LAFAYETTE,  IN  47906-1398 

COMMANDER 

U.S.  ARMY  TANK-AUTMV  R&D  COMMAND 
ATTN:  AMSTA-DDL  (TECH  LIBRARY)  1 

WARREN,  MI  48397-5000 

COMMANDER 

U.S.  MILITARY  ACADEMY 

ATTN:  DEPARTMENT  OF  MECHANICS  1 

WEST  POINT,  NY  10966-1792 

U.S.  ARMY  MISSE.E  COMMAND 
REDSTONE  SCffiNTIHC  INFO  CENTER  2 

ATTN:  AMSMI-RD-CS-R/DOCUMENTS 
BLDG.  4484 

REDSTONE  ARSENAL,  AL  35898-5241 
COMMANDER 

U.S.  ARMY  FOREIGN  SCI  &  TECH  CENTER 
ATTN:  DRXST-SD  1 

220  7TH  STREET,  N.E. 

CHARLOTTESVE.LE,  VA  22901 

COMMANDER 

U.S.  ARMY  LABCOM,  ISA 

ATTN:  SLCIS-IM-TL  1 

2800  POWER  MILL  ROAD 

ADELPHI,  MD  20783-1145 


NOTH;  PLEASE  NOTIFY  COMMANDER.  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING  CENTER, 
BENET  LABORATORIES,  CCAC,  U.S.  ARMY  TANK-AUTOMOTIVE  AND  ARMAMENTS  COMMAND, 

AMSTA-AR-CCB-0,  WATER VLIET.  NY  121 89-4050  OF  ADDRESS  CHANGES.  _ 
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NO.  OF 
COPIES 


NO.  OF 
COPIES 


COMMANDER 

U.S.  ARMY  RESEARCH  OFFICE 

ATTN:  CHIEF,  IPO  ] 

P.O.  BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709-221 1 
DIRECTOR 

U.S.  NAVAL  RESEARCH  LABORATORY 
ATTN:  MATERIALS  SCI  &  TECH  DIV  1 

WASHINGTON,  D.C.  20375 


WRIGHT  LABORATORY 
ARMAMENT  DIRECTORATE 
ATTN:  WL/MNM  1 

EGLIN  AFB,  FL  32542-6810 

WRIGHT  LABORATORY 
ARMAMENT  DIRECTORATE 
ATTN:  WL/MNMF  1 

EGLIN  AFB,  FL  32542-6810 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH.  DEVELOPMENT,  AND  ENGINEERING  CENTER, 
BENET  LABORATORIES.  CCAC,  U.S.  ARMY  TANK-AUTOMOTIVE  ANT)  ARMAMENTS  COMMAND, 
AMS'I'A-AR-CCB-O,  WATERVLIET,  NY  12189-4050  OF  ADDRESS  CHANGES. 


